The honey bee genome predicts Ϸ100 peptides from 36 prohormones, but the functions of many of these peptides are unknown. We used differential isotope labeling combined with mass spectrometric analysis to quantify Ϸ50% of known bee brain peptides in the context of foraging, with 8 showing robust and dynamic regulation. Some showed differences in brain abundance as a function of experience; specifically, nectar and pollen collection led to quick changes in abundance. These changes were related to the act of food collection, not ingestion, because foragers bring food back to the hive for storage rather than eating it themselves. Other peptide differences in brain abundance were seen in bees that either flew to a nectar feeder or a pollen feeder, but did not yet collect any food. These differences likely reflect well-known predispositions of some bees to collect either nectar or pollen, but not both. Tachykinin, PBAN, and sNPF were among the peptides with the strongest changes in association with nectar and pollen foraging. These peptides are known to be involved in regulating food intake in solitary insects, suggesting an evolutionary connection between that behavior and social foraging. These results demonstrate that it is now possible to use quantitative peptidomics to help determine which brain peptides are bioactive and to elucidate their function in the regulation of behavior.
B
rain peptides play an important role in orchestrating physiological and behavioral processes in animals by functioning as neurohormones, neuromodulators, and neurotransmitters (1) . These cell-cell signaling peptides are produced from their corresponding precursor genes by cleavage at specific sites followed by additional posttranslational modifications, a complex process that can make bioactive peptides difficult to predict (2) . The availability of genome sequences has led to a new, high-throughput approach for neuropeptide discovery: algorithms that predict cleavage sites in peptide precursors (3, 4) followed by sequencing from brain samples with mass spectrometry (5) (6) (7) . Applying this methodology to the honey bee genome, Hummon et al. (6) predicted 36 peptide-encoding genes and confirmed 100 endogenous peptides in the bee brain, numbers similar to what is known for other animals such as the fruit fly (Drosophila melanogaster) and the house mouse (Mus musculus) (7, 8) .
As with other species, however, the physiological and behavioral functions of most (neuro)peptides in the honey bee are unknown (2, (9) (10) (11) . Until very recently, most brain peptides were discovered one at a time via biochemical techniques, and functional experiments focused on physiological effects (12) . Recent advances in peptidomics have greatly accelerated peptide characterization (13) (14) (15) . However, corresponding high-throughput approaches to discover peptide function have been much less common. A goal of this study was to determine whether combining a recently established quantitative peptidomic method with compelling behavioral paradigms can help to overcome gaps in our knowledge of peptide function.
One of the newer approaches for quantitative peptidomics involves chemically modifying 2 samples of interest by using a pair of isotopologues (molecules having the same chemical structure but different masses) and quantifying them by comparing peak intensities (16) . A technical goal of our study was to modify these protocols to detect quantitative changes in peptide profiles in small (insect brain) samples and employ them to monitor changes in brain peptide profiles in the context of natural behavior. We focused on foraging behavior in honey bees for 2 reasons: it is subject to at least 3 different types of regulation, and the roles of brain peptides in these regulatory processes have yet to be thoroughly examined.
Behavioral maturation in honey bees represents one type of behavioral regulation associated with foraging (17) . Brood care and foraging, like all major activities performed by adult worker honey bees, are highly social activities and occur within the framework of the colony's system of age-related division of labor. A bee spends the first 2-3 weeks of adult life working in the hive caring for the brood (''nursing'') and performing other activities, and then spends its final 1-2 weeks collecting food outside as a forager.
The second type of behavioral regulation associated with foraging is the tendency of some bees to collect nectar or pollen, rather than both (18) . This tendency is influenced by environmental factors that relate to the needs of the colony; a shortage of either nectar or pollen in the hive will cause some bees to switch to collecting the resource in short supply (19, 20) . There also are hereditary influences between a colony's patrilines that arise because of multiple mating by the queen (21, 22) . The strong implication emerging from these studies is that many bees leave the hive with a predisposition to preferentially collect nectar or pollen.
The third form of behavioral regulation involves information acquired during foraging. Information bees acquire on food quality and quantity is used to guide subsequent foraging-related behavioral decisions. Each foraging trip involves visiting up to hundreds of flowers to collect a load of nectar and pollen, and usually lasts 10-80 min (up to a few hours) before the bee returns to her hive to unload this material and leave the hive again for another foraging trip (23, 24) . Foragers feed on honey in the hive to fuel their foraging activity and do not generally eat the nectar or pollen they collect. Although foragers do technically ingest the nectar, they store it in a portion of their digestive tract modified for this purpose (the foregut or crop) and then expel it on return to the hive (25) . They store pollen in specialized ''pollen baskets'' (corbiculae) on the hind legs (25) . A bee decides whether she has collected enough food to return to her hive or whether to continue foraging (26) . If she opts to return to the hive, she then decides whether the food is of sufficient quality to recruit others to the same source (27) .
In the context of these 3 types of regulation, we designed 2 experiments to examine the role of brain peptides in the regulation of foraging behavior. In Experiment 1, we compared brain peptide levels between nurse bees and foragers. For Experiment 2, we used 2 types of collection strategies. To explore changes in brain peptide levels that might be associated with foraging predisposition, we sampled nectar and pollen foragers that arrived at feeders before they had a chance to collect any food. To explore changes in brain peptide levels that might be associated with food collection behavior itself, we sampled nectar and pollen foragers that were given the opportunity to collect food and were preparing to leave the feeder. We were able to quantify a total of 51 of 100 peptides from 18 precursors in either Experiment 1 or 2 (Table 1) by using accurate mass, charge state, and retention time obtained in previous analyses (6) . There were 19 peptides from 11 precursors that were detected in both experiments. Some of the previously characterized peptides not detected in the current experiments were likely below the detection limits owing to small sample size and others were not isotopically labeled because of N-terminal modifications. More peptides were detected in Experiment 1 than Experiment 2, despite comparable sample sizes. Forty-two peptides from 15 peptide precursors were detected in Experiment 1 and 28 peptides from 15 peptide precursors in Experiment 2 ( Table 1 ). In general, more peptides from the same precursor were identified in Experiment 1 than Experiment 2. An extreme example was allatostatin (5 peptides from this precursor were identified in Experiment 1, and 2 in Experiment 2).
Experiment 1: Comparison of Peptide Abundances in Nurses and
Foragers. Despite the greater number of peptides identified in this experiment, no peptide showed a significant difference in abundance between nurses and foragers at the false discovery rate (FDR) of Ͻ0.10. Three peptides showed significant differences at an unadjusted P Ͻ 0.05 (indicated as ** and *** in Table   1 ). GNNRPVYIPQPRPPHPRL (apidaecin) and NSELINSLLGLPKNMNNAa (PDH, pigment-dispersing hormone) were more abundant in forager brains, and DLSRFYGHFN (IDLSR-FYGHFNT-containing peptide) was more abundant in nurse brains.
Experiment 2: Comparison of Peptide Abundances in Nectar and Pollen
Foragers. We studied 4 groups of bees: (i) individuals arriving at a feeder containing (artificial) nectar (sugar syrup), before they had a chance to collect any food (nectar arriving, NA); (ii) similarly staged individuals arriving at a feeder containing pollen (pollen arriving, PA); (iii) individuals that collected sugar syrup and were getting ready to depart from the feeder (nectar departing, ND); and (iv) similarly staged individuals at the pollen feeder (pollen departing, PD) ( Fig. 1 A and B) . The 2 samples per colony for each behavioral group (see Materials and Methods) were either labeled with a light or heavy isotope and compared with samples from the other groups by using a loop design to help control for efficiency of isotope labeling [ Fig. 1C and supporting information (SI) Fig. S1 ]. This comparison scheme allowed 2 measurements for each behavioral group. We compared NA versus PA, NA versus ND, PA versus PD, and ND versus PD for each of the 3 colonies we studied. Eight peptides, from 7 peptide precursors, showed significant differences in abundance (indicated in Table 1 as FDR *** , and in Fig. 2 as * , ** , and *** , respectively) in one or more of the 4 comparisons. Seven of 8 peptides showed differences as a function of foraging predisposition (NA versus PA, Student's t test: P Ͻ 0.05; Fig. 2B ). These were APMGFQGMRa (tachykinin), GRNDLNFIRYa (TWKSP), IYLPLFASRLa (PBAN), MVPVPVHH-MADELLRNGPDTVI (MVPVPVHHMADELLRNGPDTVIcontaining), IDLSRFYGHFNT, IDLSRFYGHFN (both IDLSRFYGHFNT-containing), and SPSLRLRFa (sNPF). Five of 8 peptides showed differences as a function of experience (NA versus ND or PA versus PD; Fig. 2 A) . For pollen collection these were APMGFQGMRa, LRNQLDIGDLQ (LRNQLDIGDLQ-containing), IYLPLFASRLa, IDLSR-FYGHFN, and IDLSRFYGHFNT. For nectar collection, only APMGFQGMRa showed a significant change (P Ͻ 0.05), and IYLPLFASRLa (PBAN) showed marginal significance (0.1 Ͼ P Ͼ 0.05).
Two of 8 peptides, IDLSRFYGHFN and LRNQLDIGDLQ, showed significantly greater abundances in departing versus arriving bees, regardless of food type (Fig. S2B) . One peptide, Fig. 1 . Experimental design and mass spectrometric results for analyzing changes in peptide profiles during honey bee foraging behavior. Honey bee colonies were kept in outdoor flight cages with separate ad libitum feeders for nectar (N, nectar; i.e., sugar solution) and pollen (P, pollen). (A) Foraging bees were collected at either feeder shortly after they landed and before they started to collect food (NA, PA; A, arriving) or after they had finished food collection and were ready to take off (ND, PD; D, departing). (B) Brain peptide samples from the various behavioral groups were labeled with different isotopes and compared. N and P ''squares'' refer to the feeders. (C) Mass spectrometric analysis of the isotopically labeled peptides, with the ratio of peak heights used to determine peptide level changes. Bee brain peptides were separated by using HPLC and directly analyzed by using an electrospray ionization quadrupole time-of-flight mass spectrometer. The mass spectrum of APMGFQGMRa for each of the comparisons was obtained by summing the scans in the extracted ion chromatograms: NAD, arriving versus departing nectar foragers; PAD, arriving versus departing pollen foragers; NPA, arriving nectar versus arriving pollen foragers; NPD, departing nectar versus departing pollen foragers. MVPVPVHHMADELLRNGPDTVI, showed significantly greater abundance in nectar foragers than pollen foragers, both arriving and departing (P Ͻ 0.05), and 2 additional peptides showed the same trend: IDLSRFYGHFN (P ϭ 0.052) and APMGFQGMR (P ϭ 0.058; see Fig. S2A ).
Canonical discriminant analysis revealed that the 4 forager groups were easily distinguishable on the basis of the relative amounts of the 8 peptides that showed significant differences in abundance in one or more of the 4 comparisons. A plot of the first 2 canonical components (which accounted for 98% of the variation in brain abundance across all 4 groups) revealed strong group-specific patterns (Fig. 3) . Differences in the first canonical component were mainly due to differences in IDLSRFYGHFNT and MVPVPVHHMADELLRNGPDTVI, and differences in the second canonical component were mainly due to differences in SPSLRLRFa. Separation of ND from the other 3 behavioral groups was due primarily to high levels of IDLSRFYGHFNT and MPVPVPVHHMADELLRNGPDTVI in ND relative to the other 3 groups. Separation of PD from the other 3 behavioral groups was due primarily to high levels of SPSLRLRFa in PD relative to the other groups. These results are consistent with the results of the analyses of individual peptides ( Fig. 2; Table 1 ).
Discussion
The principal significance of these results is that they demonstrate that it is now possible to use quantitative peptidomics to help determine which brain peptides are bioactive and to elucidate their function in the regulation of behavior. We used differential isotope labeling combined with mass spectrometric analysis to quantify Ϸ50% of known bee brain peptides in the context of foraging, with 8 showing dynamic regulation.
There were larger differences in brain peptide profiles between nectar and pollen foragers than between nurses and foragers. This suggests that peptide signaling is important for differences in behavior at short time scales. One peptide system that involves insulin signaling has been shown to be important in regulating honey bee behavioral maturation, based on measurements of gene expression and pharmacological manipulation (28) . It may be that some peptide changes during maturation are not localized to the brain but occur in endocrine structures elsewhere, or they are part of the peptidome we did not detect. Another possibility is that changes in peptide signaling during behavioral maturation are mediated through changes in the expression of receptors or downstream components that we did not measure (28) . One or more of these speculative ideas may explain why we did not detect any consistent differences in the abundances of any tachykinin peptide between nurses and foragers, in contrast to findings for the prepro-AmTRP (tachykinin) gene (29, 30) .
There were differences in brain peptide abundances between bees that arrived at either the nectar or pollen feeders. Because bees were sampled just as they landed, before actually collecting either food resource, these differences are not confounded by the effects of food collection itself. It is therefore likely that these results reflect differences in predispositions to preferentially collect nectar or pollen (see the introduction). sNPF, one of the peptides that differed between NA and PA, is involved in insulin signaling, and several genes related to this molecular pathway are located within quantitative trait loci (QTLs) that influence pollen foraging behavior (31) . None of the other peptides (or their respective peptide genes) are located within these QTLs, suggesting that they might be downstream of any hereditary differences between bees, or influenced by environmental factors. Functional analyses must be performed to determine whether the differences we detected exert causal influences on foraging predispositions.
There also were significant differences in brain peptide abundances as a function of experience. Nectar and pollen collection led to changes in brain peptide profiles. These effects were rapid; under our experimental conditions it took bees Ϸ2 or 9 min to collect the sugar syrup or pollen, respectively (nectar collection: 80 Ϯ 15 sec, N ϭ 10; pollen collection: 553 Ϯ 82 sec, N ϭ 5). It might be reasonable to think that ingestion of sugar syrup into the honey crop might provoke more changes in brain peptide abundances compared with placing pollen into the external pollen baskets on the legs, but there were more differences as a result of pollen collection. The longer duration and the more vigorous movements involved in pollen collection may account for the larger peptide changes detected. The peptides that are regulated in association with both nectar and pollen collection perhaps are involved in more general aspects of foraging behavior, e.g., the initiation and termination of the behavioral sequence, or changes in response thresholds to food stimuli as a consequence of food collection (27, 32, 33) . Other peptides that responded to just pollen collection may have a more specialized function.
It is noteworthy that 3 of the 8 peptides highlighted in our experiments [APMGFQGMRa (tachykinin), SPSLRLRFa (sNPF), and IYLPLFASRLa (PBAN)] are involved in feeding regulation in solitary insects (34, 35) . Perhaps social evolution has modified their function somewhat to be involved in the regulation of one or more aspects of honey bee social foraging. Tachykinins are involved in feeding regulation in insects and affect olfactory and locomotor behavior in Drosophila melanogaster (36) (37) (38) . Multifunctionality is common for brain peptides (1, 2) ; perhaps the same peptide can influence the perception and localization of a food source and its actual collection. PBAN also is well known to be a regulator of pheromone biosynthesis in a variety of insects (39) , and pheromone signaling is important in the recruitment of honey bee foragers via the famous dance communication system (40) . This multifunctionality makes it easier to envision how such neuropeptides could be coopted in social evolution to regulate honey bee foraging behavior (41) .
Neuropeptides are often colocalized with traditional neurotransmitters, or function as neuromodulators and neurohormones produced by relatively small numbers of large neurons released into large brain areas or the circulatory system (42, 43) . Conversely, the brain also receives peptide signals produced in other organs (36, 44) . We can interpret an increase in peptide abundance in our datasets as the inflow of peptides into the brain, either from neurons located elsewhere in the nervous system or from the circulatory system, and a decrease in abundance as either a release of peptides from the brain to other parts of the nervous system or their proteolytic degradation after release. Additional information, perhaps obtained by immunocytochemical analysis, would help in understanding the distribution and spatial dynamics of the 8 peptides that showed the strongest differences in abundance. It also is important to determine how these peptides interact with other neurochemicals such as biogenic amines to regulate foraging behavior (27, 45) .
Materials and Methods
Collection of Bees and Preparation of Brain Samples. Apis mellifera colonies were maintained according to standard methods at the University of Illinois Bee Research Facility (Urbana, IL). These colonies represent a mixture of European races (predominantly A.m. ligustica). Collection procedures in both experiments took Ͻ5 sec, thus minimizing possible effects on brain chemistry. Brains (with attached corpora allata-corpora cardiaca complexes) were dissected on dry ice and stored at Ϫ80°C.
Collections for Experiment 1. Bees were collected from 3 different colonies (with populations of Ϸ20,000 bees) maintained under typical conditions in the field. Nurses and returning (pollen) foragers were identified according to established procedures (25) . They were caught with tweezers and immediately frozen in liquid nitrogen. There were 4 samples per behavioral group, 2 behavioral groups, from 3 colonies (n ϭ 20 brains per sample) for a total of 480 brains.
Collections for Experiment 2. This experiment also included brains from a total of 480 bees. There were 2 samples per behavioral group, 4 behavioral groups, from 3 colonies (n ϭ 20 brains per sample). We collected enough bees for 40 dissected brains per sample and then split each pool of 40 brains into 2 samples of 20 brains for isotopic labeling (Fig. 1B) . Three small colonies (n ϭ 3) were set up in an outdoor flight cage. Each colony was composed of 2,000 adult bees, 1 honeycomb frame containing brood, and 2 honeycomb frames containing honey and pollen. Sugar syrup (2M) and pollen were provided ad libitum at 2 separate feeders for a few hours each day. The feeders were located 50 cm apart from each other. Collections of foragers were performed after a few days of strong foraging activity; at this point, the colony was acclimated to the feeders and little cross-feeder foraging was observed. Bees were either caught shortly after they landed on the feeder table before they started to collect food or just after they finished food collection and were ready to take off. Collections occurred in the morning and afternoon and were pooled to diminish circadian effects. Each bee was caught in a small glass vial and frozen as above. Bees were not age-marked; there are no differences in the age distributions of nectar and pollen forager honey bees, so we relied solely on behavioral identification (25, 46) . Peptide Extraction and Isotope Labeling. Frozen brain samples were transferred to a glass homogenizer (1 mL; Kontes Glass,) by using a pair of tweezers and homogenized in 400 L of acidified acetone solution (acetone/water/ conc. HCl, 40:6:1, vol/vol/v). The homogenates were centrifuged (12,000 rpm) and the supernatant filtered (10 kDa molecular mass cutoff filter, Millipore) to remove larger proteins. The solvent in the filtrate was removed in vacuo by using a Savant SpeedVac (Savant Instruments). The residue containing the extracted peptides was reconstituted in 25 L of 5% aqueous acetonitrile (ACN) solution [water/ACN (95:5, vol/vol) containing 0.1% formic acid, 0.01% TFA] and buffered by using 2 L of 1 M phosphate buffer at pH 8.0. Samples were grouped based on the isotopic chemical labels they would receive, and 5 L of 1 M NaOH was added to each of the vials.
Covalent modification of the extracted peptides for quantitation was performed by adding 2 L of light (2 M succinic anhydride in DMSO) or heavy (2 M succinic [ 2 H4] anhydride in DMSO) label. The solutions were vortexed, centrifuged, and incubated for 15 min at room temperature (RT). After incubation, the solutions were readjusted to pH 9 with 1 M NaOH. We repeated the labeling procedure with subsequent pH adjustments (pH 9) 4 times. Any remaining unbound labeling reagent was quenched by using 10 L of 2.5 M glycine for 1 h at RT, followed by 5 L of 2 M hydroxylamine solution for 30 min at RT, as described in ref. 47 .
Corresponding light and heavy isotope-labeled samples were then combined as in Fig. 1B and desalted by using PepClean C18 spin columns (Pierce Biotechnology) as per manufacturer's protocol and eluted with 70% aqueous ACN solution. The solvent in the eluant was removed on a SpeedVac and the residue reconstituted in 20 L of solvent A (5% ACN, 0.1% formic acid, and 0.01% TFA in water). Aliquots (15 L) from each of the samples were used for LC-MS analysis. All chemical reagents were obtained from Sigma-Aldrich unless otherwise mentioned.
Mass Spectrometric Analysis. Samples were analyzed by using a UPLC system directly coupled to an electrospray ionization quadrupole time-of-flight (ESI-QTOF) mass spectrometer (Waters). In brief, samples were separated on a reversed phase C18 nanoAcquity column (Waters) by using a gradient system containing solvent A (5% aqueous ACN with 0.1% formic acid in water) and solvent B (95% ACN and 0.1% formic acid in water) at 250 nL/min. The 90-min gradient included 3 steps: from 5 to 50% solvent B in 60 min (linear); then up to 90% solvent B in 10 min (linear); followed by 5% solvent B for 20 min (isocratic). Nitrogen was used as the nebulizing gas and argon as the collision gas. Data were acquired in MS scan mode and the detection was set in the m/z range, 400 -1,500.
Data Analysis. Peptide peak identifications were made by using retention time, charge state, and mass accuracy from previous analyses (6) . Extracted ion chromatograms were constructed for each of the peptides analyzed and the combined mass spectrum across their elution period was used for quantification. Isotopic labeling imparts a mass difference of 4 Da between the light-and heavy-labeled samples. The singly charged peptides were separated by 4 Da, doubly charged peptides by 2 Da, and triply charged peptides by 1.33 Da in the MS data. For each of the peptides, quantitative information was obtained by calculating the peak intensity ratios of the light and heavy form of a peptide by using the sum of 3 abundant isotopic peaks arising from each of the labels (light and heavy).
Statistical Analyses. The same approaches were used for both experiments. Raw peptide ratios were normalized, log 2-transformed, and centered. Log2 ratios were analyzed by using a linear mixed-effects model, accounting for effects of behavior (nurse/forager; and pollen/nectar foraging) and run (combined run, colony, and isotope label effects). Differential abundance was tested by using F test statistics. Adjustment for multiple testing was implemented by using the FDR criterion (48) . A peptide was considered differentially abundant across behavioral groups when the FDR was P Ͻ 0.1, which approximately corresponds to raw unadjusted P values of P Ͻ 0.05. FDRs were calculated across the entire set of peptides. In Experiment 2, for those peptides with significant differences in abundance, Student's t tests were used to identify the behavioral groups that were significantly different from zero (P value Ͻ 0.05). In addition, for the subset of peptides that showed significant differences in the above tests, canonical discriminant analysis was used to determine whether the differences in brain peptide abundances were sufficient to classify individual brain samples to one of the 4 behavioral groups. Data preprocessing and analysis was performed by using the SAS statistical package (SAS Inc.).
